a We studied the single particle dynamics of water and ice adsorbed in graphene oxide (GO) sponges at T = 293 K and T = 20 K. We used Deep Inelastic Neutron Scattering (DINS) at the ISIS neutron and muon spallation source to derive the hydrogen mean kinetic energy, hE K i, and momentum distribution, n( p). The goal of this work was to study the hydrogen dynamics under 2D confinement and the potential energy surface, fingerprinting the hydrogen interaction with the layered structure of the GO sponge. The observed scattering is interpreted within the framework of the impulse approximation. Samples of both water and ice adsorbed in GO show n( p) functions with almost harmonic and anisotropic line shapes and hE K i values in excess of the values found at the corresponding temperatures in the bulk. The hydrogen dynamics are discussed in the context of the interaction between the interfacial water and ice and the confining hydrophilic surface of the GO sponge.
Introduction
Significant experimental and theoretical investigations have been addressed to the understanding of the behaviour of water in contact with solid surfaces, at interfaces and, in particular, near hydrophobic surfaces. [1] [2] [3] [4] [5] [6] [7] [8] The strong interest in the study of microscopical properties of water confined at the nanoscale is motivated by the importance and role played by such a ubiquitous solvent in many biological processes, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] such as for example the dynamics and function of membranes or the structure of ion channels. 19 The emerging picture indicates a significant perturbation of both structural and dynamical properties of water at the fluid-solid interfaces: 20 the hydrophobic surface strongly influences structure and dynamics, especially of interfacial molecules, as compared to bulk liquid. 21, 22 In particular, water wetting on a hydrophobic surface at ambient conditions is disallowed by the non-wetting nature of the surface and the high vapour pressure of water. The structural perturbation is mainly characterized by an inhomogeneous local density distribution, whereas the dynamics shows an increasing anisotropic behaviour in translational and rotational molecular motions. Graphene oxide (GO) is a nonstoichiometric compound 23 of great interest for proposed applications for battery electrodes 24, 25 and membrane models. [26] [27] [28] Previous work on GO has shown that graphene monolayers can be used to sandwich a layer of water film, which remains trapped under vacuum and at high temperatures due to the impermeability of graphene, thus allowing an opportunity to study the molecular structure and dynamics of water under superheated or supercritical conditions. 29 This study showed how a sprinkle of graphene oxide nanoflakes on graphene is effective at condensing water nanodroplets and seeding ice epitaxy at ambient conditions, with observation of the complex interplay of ionic and non-ionic interactions. By controlling the relative humidity and nanoflake density, the formation of a complete ice wetting layer is slowed down to a time scale of 20 hours. This presented an unprecedented opportunity to visualize ice nucleation and growth in real time and at the molecular level, which can be observed using non-contact atomic force microscopy. 30 Elucidation of the local environment of hydrogen in water and ice is particularly relevant due to the interplay between the crucial role of protons in hydrogen bonding and the perturbation induced by the two dimensional (2D) confining substrates. In particular the understanding of hydrogen bonding dynamics in GO is important due to the technological relevance of the material. As an example, a pH-sensitive graphene oxide composite hydrogel has been made and utilized for selective drug release at physiological pH.
In this paper we present the results of a Deep Inelastic Neutron Scattering (DINS) study of the hydrogen dynamics of water and ice 2D-adsorbed in GO layered sponges at T = 293 K and T = 20 K, using neutrons with high momentum, hq, and energy transfers, ho. Information about the water hydrogen dynamics is crucial for the understanding of the structure of the carbon monolayers as well as the intercalation process. A FTIR characterization of the dry GO sponges shows that its hydrogen amount is indeed very small (for details see the ESI †). This guarantees that the hydrogen dynamics probed in the present work arises from the adsorbed water only.
DINS probes the quantum behaviour of atomic nuclei directly through the single-particle momentum distribution, n( p), and the mean kinetic energy, hE K i. These quantities fingerprint the nuclear quantum effects determined by the properties of the ground state. 32, 33 In the case of ice or water, chemical interactions occurring in the bulk typically represent small changes in the energy of constituents, compared to the energy sequestered in the zero-point motion of the protons, primarily in that of the stretching mode. Nuclear quantum effects significantly impact both structure and dynamics and zero-point energy changes as the structure of the hydrogen bond network changes. Thus, because of the non-commuting character of position and momentum operators in quantum mechanics, the n( p) is a sensitive probe to the hydrogen local environment as well as a direct measurement of its dynamics. 32, [34] [35] [36] [37] 39 It is important to emphasize the difficulty in obtaining similar information regarding the proton dynamics by other techniques, such as Inelastic Neutron Scattering (INS) or Infrared (IR). In these cases they fingerprint different properties related to the vibrational transitions from the ground state to the first excited states. 38 Thus the n( p) measured via DINS is the only quantity which probes the underlying potential energy surface that the hydrogen in water sees as the local environment changes and water adapts its hydrogen-bonding network in response to 2D confinement in GO sheets. The DINS technique, also known as Neutron Compton Scattering (NCS), 32, 40 probes time-scale regimes in the order of attoseconds, i.e.,
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-10 À17 s, where scattering is entirely incoherent, i.e., a time window much shorter than the time constants characteristic of the typical collective excitations, typically well above 10 À15 s. 41 The basic principles of data interpretation of the DINS technique are based on the validity of the Impulse Approximation (IA) 42 which is exact in the limit of infinite momentum transfer. 43, 44 Within the IA, the inelastic neutron scattering cross-section directly probes the n( p) of all nuclei in the target system and elucidates its connection with the underlying potential energy surface. 32 The n( p) line-shape fingerprints the details of the 2D confining potential energy surface that the protons experience in contact with the GO surface, directly reflecting the structure of their local environment. DINS results complement information which is garnered from diffraction techniques that measure the spatial correlations among the nuclear positions. From the results of the analysis of the DINS data, we are able to capture the proton dynamics of water and ice adsorbed in GO and obtain new information on the potential energy surface experienced by the proton. Section 2 illustrates DINS experiments and data analysis. In Section 3, results are presented and discussed. Conclusions are reported in Section 4.
Experiment
DINS measurements were performed at the ISIS neutron and muon spallation source (Rutherford Appleton Laboratory, Chilton, Didcot, UK) on the inverse geometry spectrometer VESUVIO 40, 45, 46 that uses neutrons with incident energies in the range 1-10 4 eV.
The experiment was performed on hydrated samples of water and ice adsorbed in dry GO sponges contained in an Al container at two different temperatures: at T = 293 K and at T = 20 K, at ambient pressure. The sample with water fully absorbed in the GO sponge had a total weight of 1.340 g. The weights of the hydrated sample, i.e., the adsorbed water and the dry GO were 1.172 g and 0.168 g, respectively, corresponding to approximately 87 wt% of adsorbed water. Sample preparation materials, a detailed description of the operation of the VESUVIO instrument and data analysis are described in the ESI. † The neutron scattering function in the IA regime, S IA (q,o) is expressed in terms of the West scaling variable 42 by:
where m is the mass of the particle being struck by the neutron,
n(p) is the projection of the particle momentum distribution along the q direction, and J IA ( y,q) is the neutron Compton Profile (NCP). § 32 When the sample is isotropic, the particle momentum distribution only depends on the modulus of p, and the q direction is immaterial, so the NCP is simply J IA ðyÞ ¼ 2p Ð 1 jyj pnðpÞdp. This ideal peak profile, measured in a DINS experiment, is broadened by finite-q correction terms DJ( y,q), and by convolution with the instrumental resolution function R( y,q), so the experimental NCP, F( y,q), yields:
with DJðy; qÞ / @ 3 @y 3 J IA ðyÞ (as described in the ESI †) and R( y,q) determined using Monte Carlo routines available on VESUVIO.
Data analysis and discussion
The primary goal of this experiment was to derive the J( y) lineshape from the F( y,q) spectra and subsequently calculate the n( p) and hE K i of the adsorbed water's hydrogens. GO substrates are particularly favourable in these respects, in that the hydrogen amount in the dry GO sponges is very small, as confirmed by the results of the FTIR characterization. DINS measurements of the dry GO sponges confirm this finding: the hydrogen signal from the dry GO is negligible as compared to the hydrated § For consistency with previous literature and ease of notation we write the momentum as a wave vector.
samples (see Fig. S8 in ESI † for details). This guarantees that DINS measures the dynamics of the protons in the H 2 O adsorbed in the GO sponge only. A global fit of the individual F( y,q) spectra, recorded for the angles in forward scattering, was accomplished using two parametric models: (a) a modelindependent line-shape, hereafter named model 1 (M1) and (b) a three dimensional anisotropic Gaussian line-shape derived from a quasi-harmonic model, hereafter named model 2 (M2). The latter was most recently employed for the understanding of the local environment of hydrogen in polycrystalline ice 47 and heavy water. 48 In M1, the momentum distribution is given by the GaussLaguerre expansion 34, 43, 49 
where L n 1 2 are the generalized Laguerre polynomials, and c n the expansion coefficients from which, together with the standard deviation, s, one can derive the momentum distribution lineshape.
In M2, the momentum distribution has been modelled using the spherical average of multivariate Gaussian distribution of the form
where s z is along the direction of the H bond, and s x and s y are in the plane perpendicular to the direction of the H bond, i.e., the direction of the maximum value for the zero point energy. The parameter set s x,y,z , determines the anisotropy in the momentum distribution line-shape. Fig. 2 reports a sketch showing the orientation of the water molecules adsorbed on the GO surface and the axis reference system used for the anisotropic model M2. It has to be stressed that although the M1 model represents the most general momentum distribution line-shape, it does not allow the separation of the effects of anharmonicity from those of anisotropy. 32, 50 Values of the standard deviations s and s a , with a = x, y, z, from the M1 and M2 models respectively, have been obtained by performing a global fit of the whole set of forward-angle spectra (see SM). Moreover, the hydrogen total
, and the directional components along the three spatial axes,
, have been evaluated and reported in Table 1 . From this table we can appreciate that both M1 and M2 models provide the same results for hE K i with little differences in directional hE K i a values between water and ice. Overall, the H dynamics of water and ice confined in 2D GO exhibits similar three dimensional anisotropy to that found in bulk water 51 and ice. 47 The latter is fingerprinted by the directional components of kinetic energy, hE K i a , with values which are, however, different with respect to those found in the bulk. The angle-averaged experimental lineshape for DINS data at T = 293 K, % F( y,q), is plotted in Fig. 1 together with fit line-shapes resulting from model M2.
In Table 2 a comparison is made between values for the hE K i of the present experiment and other DINS experiments on bulk and confined water and ice. These results are consistent with a picture where, for bulk water and ice, the kinetic energy is dominated by the ground state contributions, with the thermal contributions affecting mostly the high-temperature liquid upon approaching the supercritical phase. Differences in the ground state contributions between the solid and the liquid are evident, i.e., the hE K i value of the solid at T = 271 K is about 13 meV higher than the value of the liquid at T = 300 K (see Table 2 ). Present analysis provides hE K i values for water at T = 293 K and ice at T = 20 K 2D confined in GO in excess of 13 meV and 3.7 meV compared to the corresponding values found in the bulk, respectively. Both values fingerprint the dynamics of water and ice molecules interacting with functional groups on the layers of the GO sponge.
The plot of radial momentum distributions, 4pp 2 n( p), corresponding to M2 for water and ice in GO is shown in Fig. 3 . The high momentum components in n( p) are highly sensitive to, and dominated by, the curvature of the effective View Article Online proton potential, [53] [54] [55] [56] i.e., closely related to the hydrogen bond strength. The n( p) in a frame attached to an individual water molecule is well described by a harmonic anisotropic Gaussian line-shape, with the transverse momentum width slightly more than one half the width along the stretch mode direction. The tail of the n( p) distributions is due to the momentum along the bond direction, since the proton is most tightly bound in this direction, tight binding implying high momentum width. From Fig. 3 one can appreciate that the momentum width of the n( p) line-shape of water adsorbed in GO at T = 293 K is clearly expanded from about 11 Å À1 as compared to bulk water at T = 300 K. This finding, similar to what was observed in water at T = 423 K 53 (see Table 2 ), implies that hydrogen bonds are expected to be significantly weaker than in bulk water. The momentum width of the n( p) line-shape for ice in GO at T = 20 K extends a little less, mirroring an OH bond network stronger than in water at T = 293 K, although weaker than the value expected for bulk ice at the same temperature.
Conclusions
The overall H dynamics of water and ice confined in 2D GO exhibits an anisotropy of the momentum distribution n( p), very similar to what is found in bulk water. In GO, water molecules are restrained in layered geometries, with interlayer distances down to 12 Å. 57 This length scale is comparable to the scales of the tetrahedral structural motifs in bulk water. The water response to the perturbation due to this nanometric confinement results in an increase of the hydrogen mean kinetic energy with respect to the bulk. The increase is approximately 13 meV at room temperature and approximately 4 meV at 20 K. Moreover, the hydrogen kinetic energy of water in GO shows a negligible temperature dependence in contrast to the bulk. It appears that confinement in GO on one hand induces a higher proton localisation, with increased hE K i, and on the other hand preserves the hydrogen dynamics from temperature effects. Likewise, n( p) functions show harmonic anisotropic lineshapes. These findings are ascribed to changes of the proton dynamics induced by the interaction between interfacial water and ice and the confining hydrophilic surface. Due to the negligible DINS signal from the structural hydrogens of the dry GO sponges, the DINS results indicate that changes on hE K i are mainly due to steric confinement and that the interactions of water with the functional groups on GO play a negligible role. This result is an important piece of information in view of a thorough understanding of the hydrogen bonding dynamics in GO. Whatever the origin of the interaction, H dynamics in water confined in 2D GO is quantitatively different from that of water confined in other nanoporous hydrophilic surfaces, such as xerogel, MCM41 and nanotubes, and unlike any other form of water observed so far. The present results support a picture where the OH bonds of water and ice in GO are softer than in bulk water with the energy of the OH expected to be red shifted with a corresponding broadening of the spectral peak. Probing the 2D confinement on hydrogen dynamics in water and ice adsorbed in graphene oxide sponges
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Sample Preparation
The graphene oxide (GO) is prepared by hydrothermal oxidation in a sealed autoclave. Typically, 50 mg graphene are cooled in a 50 ml autoclave at 4 C for 1 hour before experiment. The pre-cooled KMnO 4 (1 g) and concentrated sulfuric acid (20 ml) are slowly added into the autoclave under ice bath. The autoclave is tightly sealed and kept in the fridge for 2 hours before heating in oven at 150 C for 2 hours. The resulted GO are thoroughly washed with deionized water and dried in oven overnight (see Figure 2) . To synthesize the graphene hydrogel, purified GO is dispersed in 20 ml water (2 mg/ml) and sealed in an autoclave (50 ml volume). The autoclave is heated in oven at 160 C for 12 hours. The cylinder-shaped hydrogel is thoroughly washed with water and freeze-dried for 2 days.
FTIR characterisation of dry GO
The FTIR spectrum of GO sponge, which was used for the DINS measurements, reported in Figure  1 , shows the presence of hydroxyl, epoxide and carbonyl groups. No obvious peak for C-H band is observed. Therefore, the hydrogen amount in the GO sponge is very small.
Hydration Procedure
The freeze-dried cylindrical GO gel was put in a glass bottle and soaked in deionized water for 12 hour prior to the DINS experiment. The glass bottle was fully filled with water and properly capped to avoid water evaporation. The GO sponge has a strong ability to absorb water. In the present experiment, the weight of dry GO was 0.168 g. The specific surface area of GO sponge varies 180 to 800 m2/g, depending on di↵erent synthetic methods and the GO exfoliation degree. The GO sponge used in the DINS experiment was prepared with a method described in Ref.
1 with a reported surface area of 414 m 2 /g. The sample with water fully absorbed in the GO sponge had a total weight of 1.340 g. Weights of the hydrated sample and the dry GO were 1.172 g and 0.168 g, respectively, corresponding to approximately 87 wt% of adsorbed water.
Sample transfer into the sample containers
The hydrated GO sponge sample consisted of three GO sponges (total masses 0.168 g of dry GO plus 1.172 g of water), which were located inside a square Al sachet (and placed in the centre of the Al sample container (see figure 3 below). The inner volume of the sample container was 1 cm width and 7 cm diameter. To maximise neutron signal from the sample the diagonal of the squared sachet was 7 cm, equal to diameter of sample container.
DINS measurements
VESUVIO is an inverse geometry spectrometer, i.e., for each scattering angle, ✓, the final energy of the scattered neutrons, E 1 , is selected using a Au resonance filter which absorbs neutrons in a narrow range of energies 2 with the scattering signal recorded by individual detectors. VESUVIO operates for DINS experiments in the IA regime where the incident neutron wavelengths are much less than the inter-atomic spacing and thus atoms scatter incoherently, with scattered intensity being the sum of intensities from individual atoms in the sample. The count rate as a function of the time of flight (t.o.f.) t yields:
where I(E 0 )dE 0 is the number of incident neutrons s 1 with energies between E 0 and E 0 + dE 0 , D(E 1 ) is the probability that a neutron of energy E 1 is detected, m N is the neutron mass, L 0 is the moderator -sample distance, N M is the number of atoms of mass M in the sample and 1  q  230Å 1 and 2.5 eV h!  65 eV, respectively and 10 3 eV h!  10 4 eV, respectively 6,7 . Multilayer stacked graphene oxide layers, in the range from 6 to 12Å, ensured ice formation in these layer by layer stacked layers as well as water trapping ability in 2D and the NCS signal strengths. The sample synthesis has been carried out to guarantee a number of more than 10 21 water molecules trapped in the matrices, allowing a reliable counting statistics at both temperatures.
The integrated proton current for DINS data yielded I = 4220 µAh for T=293 K, I = 3960 µAh for T=20 K.
Raw t.o.f. data of individual detectors for water and ice in GO have been corrected bybackground and multiple scattering (MS) and Al sample container contributions using a Monte Carlo simulation and the simulated signals subtracted from the experimental data. Angle averaged sum over all forward scattering detectors of t.o.f. data for water and ice adsorbed in GO are reported in Figure 4 together with MS contribution. From this figure one can see the hydrogen signal peaked between 250 300 µs and the Al signal peaked between 350 400 µs. An example of a t.o.f. corrected spectrum for water in GO sponges at T = 293 K, for an individual detector, ✓ = 35 degrees, is reported in Figure 5 . Averaged raw experimental hydrogen NCP and corrected NCP are reported in Figure 6 and Figure 7 , respectively. Figure 8 reports the raw data for hydrated and dry GO in y space, respectively; this latter figure shows that the contribution of hydrogen signal from the dry GO is negligible in comparison with the signal from the hydrated sample.
The partial di↵erential cross-section from Eq. (1) can be expressed as a function of the NCP, J(y) as follows: Fig . 8 Raw data for hydrated (blue line and dots with error bars) and dry (red line and dots with error bars) GO in y-space.
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